PUF proteins are potent repressors that serve important roles in stem cell maintenance, neurological processes, and embryonic development. These functions are driven by PUF protein recognition of specific binding sites within the 3 ′ untranslated regions of target mRNAs. In this study, we investigated mechanisms of repression by the founding PUF, Drosophila Pumilio, and its human orthologs. Here, we evaluated a previously proposed model wherein the Pumilio RNA binding domain (RBD) binds Argonaute, which in turn blocks the translational activity of the eukaryotic elongation factor 1A. Surprisingly, we found that Argonautes are not necessary for repression elicited by Drosophila and human PUFs in vivo. A second model proposed that the RBD of Pumilio represses by recruiting deadenylases to shorten the mRNA's polyadenosine tail. Indeed, the RBD binds to the Pop2 deadenylase and accelerates deadenylation; however, this activity is not crucial for regulation. Rather, we determined that the poly(A) is necessary for repression by the RBD. Our results reveal that poly(A)-dependent repression by the RBD requires the poly(A) binding protein, pAbp. Furthermore, we show that repression by the human PUM2 RBD requires the pAbp ortholog, PABPC1. Pumilio associates with pAbp but does not disrupt binding of pAbp to the mRNA. Taken together, our data support a model wherein the Pumilio RBD antagonizes the ability of pAbp to promote translation. Thus, the conserved function of the PUF RBD is to bind specific mRNAs, antagonize pAbp function, and promote deadenylation.
INTRODUCTION
Protein expression is controlled at multiple levels, including translation and mRNA stability (Garneau et al. 2007; Jackson et al. 2010; Schwanhausser et al. 2011) . For example, the efficiency of mRNA translation is promoted by the 5 ′ 7-methyl guanosine cap and the 3 ′ poly(A) tail, which are, respectively, recognized by the eukaryotic initiation factor complex, eIF4F, and the poly(A) binding protein, pAbp (Jackson et al. 2010) . Enzymatic removal of the poly(A) tail (i.e., deadenylation) and 5
′ cap (i.e., de-capping) can antagonize translation and initiate mRNA degradation (Goldstrohm and Wickens 2008; Li and Kiledjian 2010) .
Translation and mRNA stability are controlled by interaction of trans-acting regulators with cis-acting RNA elements. A prototypical example of these regulators is the PUF family of proteins, named after founding members Drosophila melanogaster Pumilio and Caenorhabditis elegans FBF (Fem-3 Binding Factor) . PUFs are present in all eukaryotes and share a conserved RNA binding domain (RBD) composed of eight repeated motifs. The RBD binds with high affinity and specificity to 8-10 nt regulatory sequences that are predominantly found in 3 ′ untranslated regions (UTRs) of mRNAs (Zamore et al. 1997 (Zamore et al. , 1999 Wang et al. 2002; Lu et al. 2009 ). PUF binding sites are prevalent in the transcriptome and hundreds of mRNAs copurify with individual PUFs (Gerber et al. 2004 (Gerber et al. , 2006 Galgano et al. 2008; Morris et al. 2008; Hafner et al. 2010) . As a consequence, the impact of PUFs on gene expression is likely substantial. Analysis of the biological functions of PUFs supports this idea: they control diverse functions, including development, fertility, cell proliferation, and neurological processes (Lehmann and Nusslein-Volhard 1987; Lin and Spradling 1997; Zhang et al. 1997; Forbes and Lehmann 1998; Asaoka-Taguchi et al. 1999; Crittenden et al. 2002; Dubnau et al. 2003; Mee et al. 2004; Ye et al. 2004) .
PUF proteins repress target mRNA expression by inhibiting translation and/or inducing mRNA degradation (Miller and Olivas 2011) , but the mechanisms and cofactors involved remain to be fully elucidated. Our recent results revealed that human and Drosophila PUFs possess multiple domains that contribute to repression . For all PUFs studied to date, the conserved RBD contributes to repression; therefore, we focused on dissecting the mechanism of repression by the RBDs of Drosophila Pumilio and human PUFs, PUM1 and PUM2. To do so, we used recently developed assays that specifically measure their ability to repress target mRNAs (Van Etten et al. 2012; Weidmann and Goldstrohm 2012) .
Multiple mechanisms have been proposed to account for repression by the RBD. Initially, the repressive activity of the Pumilio RBD was thought to depend on two partners, Nanos and Brain Tumor; however, later results revealed that they are not essential for Pumilio-mediated repression . Early research in multiple organisms found that PUF repression correlated with shortening of the poly(A) tail of target mRNAs (Ahringer et al. 1992; Wreden et al. 1997; Olivas and Parker 2000; Chagnovich and Lehmann 2001) . Subsequently, the RBD of PUFs from Saccharomyces cerevisiae, Drosophila, C. elegans, and human were shown to bind orthologs of Pop2, a deadenylase enzyme that shortens the poly(A) tail of mRNAs in a 3 ′ to 5 ′ direction, indicating a conserved role for the RBD in deadenylase recruitment to target mRNAs (Goldstrohm et al. 2006; Kadyrova et al. 2007; Suh et al. 2009; Van Etten et al. 2012 ). In addition, Pop2 forms a heterodimer with another deadenylase, Ccr4, as a part of the Ccr4-Not deadenylase complex (Goldstrohm and Wickens 2008) . These facts support a model in which the PUF RBD represses mRNAs by recruiting deadenylases to enhance the rate of poly(A) tail shortening. Consistent with this model, functional data from yeast and humans demonstrate that deadenylases contribute to the efficiency of PUF repression (Goldstrohm et al. 2006 Hook et al. 2007; Van Etten et al. 2012) . Because the poly(A) tail plays a pivotal role in translation through the action of pAbp (Kuhn and Wahle 2004; Jackson et al. 2010) , PUF-enhanced shortening of the poly(A) tail could reduce synthesis of the encoded protein and/or promote mRNA decay. In the research presented here, we measured the impact of deadenylases, the poly(A) tail, and poly(A) binding protein in the mechanism of repression by Pumilio.
A recent study proposed, based on biochemical data, that PUF RBDs can inhibit translation by blocking polypeptide elongation (Friend et al. 2012) . The RBD of the C. elegans PUF, FBF, was found to bind the CSR-1 protein, one of 27 nematode Argonaute orthologs (Wedeles et al. 2013 ). Together, FBF and CSR-1 were reported to interact with the translation elongation factor, eEF1A, and inhibit its GTPase activity, which is essential for translation. This mechanism may apply to the RBD of human PUMs as well (Friend et al. 2012) . Like FBF, PUM2 bound to Argonaute orthologs and eEF1A, and specific mutations of conserved phenylalanine and threonine residues were reported to disrupt PUM2 binding to eEF1A and Argonautes, respectively. In vitro translation assays using a rabbit reticulocyte extract provided functional evidence that the PUM2 RBD inhibits translation. Wild-type PUM2 RBD impeded translation, whereas PUM2 RBD mutants, defective for binding to eEF1A or Argonautes, had no repressive effect. Given that the amino acids that mediate interaction with eEF1A and Argonautes are conserved in the RBDs of PUFs (Fig. 1A) , this could be a conserved mechanism (Friend et al. 2012) . In this report, we examine the role of Argonaute proteins in PUF repression in vivo.
In the present study, we scrutinized the mechanisms that underlie repression mediated by the RBDs of Drosophila and human PUFs. Our results indicate that the PUFArgonaute interactions are not required for PUF-mediated repression of protein expression. Instead, we find repression by the Pumilio RBD is completely dependent on the poly(A) tail. The RBD promotes deadenylation, dependent on the Pop2 and Ccr4 deadenylase enzymes, and interacts with Pop2. However, while blocking deadenylation stabilizes the mRNA, it does not prevent repression of protein synthesis. We find that the crucial mechanism of RBD-mediated repression depends on the poly(A) binding protein, pAbp. Consistent with these observations, the Pumilio RBD associates with pAbp. Together, our data support a mechanism wherein the Pumilio RBD targets pAbp to interfere with its ability to promote translation. The RBD does not displace pAbp from the mRNA but instead antagonizes its ability to promote translation. Upon triggering repression of protein synthesis, deadenylation occurs as a subsequent effect. Finally, our data reveal that the additional Pumilio repression domains inhibit protein expression by a pAbp-and poly(A)-independent mechanism.
RESULTS

Mutations in the Argonaute and eEF1A binding motifs do not alter PUF repression
We first tested the requirement of a PUF-Argonaute-eEF1A interaction using a mutational approach and cell-based reporter assays that we previously developed to measure PUF repression by Drosophila and human PUFs (Van Etten et al. 2012; Weidmann and Goldstrohm 2012) . A PUF-responsive reporter gene was created by inserting three copies of the Pumilio Response Element (PRE) into the 3 ′ UTR of a Renilla luciferase gene to create RnLuc 3xPRE (Fig. 1B) Friend et al. (2012) . The conserved Argonaute and eEF1A binding amino acids are indicated at the top, and regions of complete and near complete conservation are highlighted in dark and light gray, respectively. RNA recognition motifs of each PUF repeat are also labeled. (B) Schematic of reporters and PUM constructs used in HEK293 cell experiments. Target Renilla luciferase reporter is labeled with UGG * to denote altered Pum response elements (PREs) in the 3 ′ untranslated region. A Firefly luciferase gene (FFLuc) served as an internal control for normalization. Human PUM1 and PUM2 were expressed as Halotag (HT) fusions and are marked with * in their RBDs to signify their altered specificity in PUF repeat 6 (R6as) which allows binding to UGG PREs, as previously described (Van Etten et al. 2012) . Dark gray rectangles indicate regions of high conservation with Drosophila Pumilio, while light gray ovals represent the N-terminal repression domains . Halotag alone served as the negative control. (C) Percent repression in human HEK293 cells of the RnLuc 3xPRE UGG reporter by human PUM1 R6as and PUM2 R6as test proteins. Note that the RnLuc 3xPRE UGG reporter is not regulated by endogenous PUM1 or PUM2 (Van Etten et al. 2012) . The amino acid position of Argonaute-binding defective mutant (PUM1 T874E or PUM2 T752E) and eEF1A-binding defective mutant (PUM1 F990R and PUM2 F866R) is indicated at the top. Expression of each test protein was verified by fluorescent detection of TMR-labeled Halotag fusions. (D) Representation of constructs used in D.mel-2 cell experiments. The Renilla reporter 3 ′ UTR contains three wild-type PREs. Pumilio (Pum) constructs include full length (FL) and the RNA binding domain (RBD). Dark gray boxes mark regions of increased conservation, and light gray ovals denote N-terminal repression domains. The X in negative control Pum mutR7 constructs represents mutations in the RNA recognition amino acids of the seventh PUF repeat which block RNA binding and repression . (E) Percent repression of RnLuc 3xPRE reporter by wild-type (WT), Argonaute-binding defective (T1137E), and eEF1A binding-defective (F1251R) Pum FL and Pum RBD test constructs in D.mel-2 cells. Western blot detection of test proteins using anti-V5 antibody is shown at the bottom. In all graphs, mean values derived from four replicates are plotted along with the standard error.
binding assays (Friend et al. 2012) . Alignment of C. elegans, human, Drosophila, and S. cerevisiae PUFs revealed that a threonine residue required for Argonaute-binding and the phenylalanine residue required for eEF1A-binding are conserved throughout PUFs ( Fig. 1A ; Friend et al. 2012) . Interestingly, the Argonaute-binding threonine is conserved in S. cerevisiae PUFs, though Argonautes are not present in this species (Meister 2013) . Conservation of these residues in Drosophila and human PUFs indicated that our functional assay could be used to assess their roles in repression. We created mutant versions of human PUM1 and PUM2 that correspond to the previously identified mutations that disrupt binding to Argonautes (T874E of PUM1; T752E of PUM2) or eEF1A (F990R of PUM1; F866R of PUM2) and tested their ability to repress the Renilla luciferase reporter in human cells (Friend et al. 2012) . Because endogenous PUM1 and PUM2 in HEK293 cells repress the RnLuc 3xPRE reporter, we modified the PRE sequences (Fig. 1B , RnLuc 3xPRE UGG) so that only exogenously introduced PUF proteins with altered RNA binding specificity (Fig. 1B , PUM1 R6as or PUM2 R6as) can regulate the reporter, as previously described (Van Etten et al. 2012) . When expressed in human cells, the altered specificity PUM1 and PUM2 repressed the RnLuc 3xPRE UGG reporter by 62% and 64%, respectively, relative to the negative control, Halotag (Fig. 1C) . When mutations in the Argonaute or eEF1A binding sites were introduced into the altered specificity PUFs (PUM1 T874E or F990R; PUM2 T752E or F866R), their capacity for repression was not compromised (Fig.  1C) , indicating that these binding interfaces are not required for repression by human PUMs in vivo.
We next assessed the role of Argonaute and eEF1A binding residues in repression by Drosophila Pumilio. The level of endogenous Pumilio in Drosophila D.mel-2 cells is insufficient to efficiently repress RnLuc 3xPRE (Fig. 1D ), yet, moderate overexpression of Pumilio causes repression (Van Etten et al. 2012; Weidmann and Goldstrohm 2012) . This system provides an excellent means of studying Pumilio structure and function. Full-length Drosophila Pumilio (Fig. 1D , Pum FL) potently repressed the PRE-bearing reporter, whereas the Pum RBD repressed to a lesser degree . Mutations that inactivate Pumilio RNA binding activity (Fig. 1D, Pum mutR7 ) or change the PRE completely blocked repression . Using this approach, we tested the activity of Pumilio with mutations in the predicted Argonaute (T1137E) and eEF1A (F1251R) binding residues by measuring repression of RnLuc 3xPRE (Fig. 1D) . Full-length Pum T1137E retained the repression activity of wild-type Pum (Fig. 1E , Pum FL WT at 73% repression vs. Pum FL T1137E at 74% repression), and Pum F1251R repressed at slightly below wild-type level (Fig.  1E , Pum FL F1251R, 61% repression). We considered that the repressive activity of Pumilio's RBD might be obscured by additional repression domains that we previously identified in the amino terminus of the protein ). Therefore, we tested the effect of these mutations on the activity of the RBD (Fig. 1D) . Wild-type Pum RBD, RBD T1137E, and RBD F1251R all repressed between 30% and 34% (Fig. 1E) . We conclude that these conserved residues are not necessary for repression by full-length Pumilio or the conserved RBD.
Argonaute associates with human and Drosophila PUFs
The lack of detectable functional impact of mutation of the Argonaute binding residues of Drosophila and human PUFs compelled us to assess whether the mutations did, indeed, prevent this association. HEK293 cells were transfected with FLAG-tagged AGO1 and Halotag fusions of either wildtype or the T752E mutant PUM2. AGO1 was selected because it was reported to bind strongly (Friend et al. 2012) . Halotag alone was used as a negative control, and a Halotag fusion of CNOT6L, a deadenylase known to associate with Argonaute served as a positive control (Fabian et al. 2009 ). Complexes were purified using a FLAG antibody from RNase-treated cell extracts. PUM2 and CNOT6L coimmunoprecipitated with FLAG-AGO1 but were not detected in the mock eluates ( Fig. 2A , cf. lanes 14 and 16 to lanes 10 and 12). These data are consistent with biochemical data of Friend et al. (2012) , but, surprisingly, we detect robust association between the PUM2 T752E mutant and AGO1 ( Fig. 2A, lane 15) .
We also assessed binding of Drosophila Pumilio to Argonaute and the effect of the equivalent T1137E mutation. V5 epitope-tagged Pum RBD, fused to Halotag, was purified from RNase-treated D.mel-2 cell extracts that coexpressed FLAG-tagged Ago2 and the negative control protein, myctagged Lsm11. After washing, bound complexes were eluted by cleavage of the Halotag-Pum RBD fusion with TEV protease. We found that Ago2 coeluted with Pum RBD, whereas Lsm11 did not (Fig. 2B, lane 5) . Interestingly, this was true for Drosophila Ago2, but no interaction between Pum and Ago1 was detected (data not shown). This result provides evidence that Drosophila Pum, like C. elegans FBF and human PUM2, associates with Argonaute. However, the Pum T1137E mutation did not disrupt binding of Pum to Ago2 (Fig. 2B , lane 6). Further, an alanine substitution, T1137A, also possessed wild-type repression activity and retained the ability to bind Argonaute (data not shown). In summary, our data show that the mutations reported to abrogate PUF interaction with Argonaute had no effect on repression or association with Argonaute.
The repression and Argonaute binding activities of the Pumilio RNA binding domain can be separated Because mutation of the residues purported to mediate PUF binding to Argonaute did not, in fact, prevent the interaction, we sought an alternative way to assess the functional relevance to Pumilio repression. The tethered function assay provided an ideal means to dissect the regions of the RBD necessary for Argonaute binding and repression (Coller and Wickens 2002) . In this assay, regions of Pumilio were fused to the phage protein MS2, which binds specific RNA stemloop structures in the 3 ′ UTR of a Renilla reporter gene (Fig. 3A, RnLuc MS2 ). The regions of the RBD necessary for association with Ago2 and for repression of RnLuc MS2 were mapped via a series of truncations with C-terminal V5 epitope tags (Fig. 3A) . These proteins were expressed in D.mel-2 cells with FLAG-tagged Ago2. Anti-FLAG immunoprecipitations were then performed from RNase-treated cell extracts. The RBD and a C-terminal truncation (ΔC) both copurified with FLAG-Ago2 (Fig. 3B, lanes 6 and 7) , but the ΔR1-2, ΔR4-5, and ΔR7-8 deletions of the PUF repeats prevented the RBD-Ago2 interaction (Fig. 3B, lanes 8-10) , indicating that multiple PUF repeats are necessary to contact Ago2.
Having identified Pum truncations that no longer bind Ago2, we next tested their repressive activity in the tethered function assay (Fig. 3C) . We found that the RBD, ΔC, and ΔR7-8 each repressed the RnLuc MS2 reporter; however, neither ΔR4-5 nor the ΔR1-2 were active (Fig. 3C) . Expression of each protein was verified by Western blotting (Fig. 3B , lanes 1-5). Most significantly, the tethered region lacking PUF repeats 7 and 8 (ΔR7-8) was active for repression though it did not bind Ago2 (Fig. 3B,C) . Based on this analysis, we can conclude that the interaction between Pum and Ago2 is dispensable for repression by the RBD. 
Depletion of Argonaute proteins does not hinder PUF repression in vivo
We further tested the requirement for Argonautes in repression by Pumilio by depleting Argonautes using RNA interference (RNAi). Efficient RNAi was demonstrated by the depletion of overexpressed Ago1 and Ago2 (Fig. 4A ). We also confirmed RNAi depletion of endogenous Argonautes by quantitative reverse transcriptase coupled with polymerase chain reaction (qRT-PCR); Ago1 and Ago2 mRNA levels were depleted by up to 70% and 86%, respectively ( Fig. 4B ). In cells treated with nontargeting control dsRNA (NTC), Pum FL repressed RnLuc 3xPRE mRNA by 70%, and the Pum RBD repressed by 24% (Fig.  4B , NTC), consistent with our previous findings . Depletion of either Argonaute, Ago1 or Ago2, did not affect repression by Pum FL or the Pum RBD ( Fig. 4B , Ago1, Ago2) nor did simultaneous knockdown of both Ago1 and Ago2 (Fig. 4B , Ago1/Ago2). Therefore, depletion of Argonautes does not affect Pumilio repression in vivo. We also measured the effect of Argonaute depletion on the repressive activity of the human PUM1 in D.mel-2 cells. PUM1 achieved 53% repression in cells treated with the nontargeting control dsRNA (Fig. 4C) , consistent with our previous observation (Van Etten et al. 2012) . Efficient depletion of Ago1, Ago2, or both did not alleviate PUM1-mediated repression (Fig. 4C) . Thus, like Drosophila Pumilio, human PUM1 is able to efficiently repress a PRE-containing mRNA when Argonautes are depleted. It is notable that, because eEF1A is an essential translation factor, it was not feasible to test its role in PUF repression using RNAi; however, because the eEF1A interaction with the RBD was Argonuate-dependent (Friend et al. 2012 ) and Argonaute is not necessary, this point is likely inconsequential.
Finally, we measured the effect of Argonaute depletion on the regulation of an mRNA bearing the 3 ′ UTR from a natural Pumilio target. Well-characterized targets of Pumilio, such as the mRNA encoding the morphogen Hunchback, are not expressed in D.mel-2 cells; therefore, we appended the 3 ′ UTR of the Hunchback mRNA to a Renilla luciferase reporter (Fig. 4D , RnLuc Hb 3 ′ UTR). To assess the effect of endogenous Pumilio and Argonaute on RnLuc Hb 3 ′ UTR expression, we performed RNAi with nontargeting control dsRNA, or dsRNA targeting Pum, or dsRNA targeting both Ago1 and Ago2. When Pum was depleted, the RnLuc Hb 3 ′ UTR reporter expression increased by about twofold (Fig. 4D ). In contrast, no effect on RnLuc Hb 3 ′ UTR expression was detected when Argonautes were depleted (Fig.  4D) . We conclude that endogenous Pumilio represses the Hb 3 ′ UTR reporter, but Argonautes are not required for this effect. 
The RBD of Pumilio enhances deadenylation dependent on the Pop2 and Ccr4 deadenylases
The data reported above demonstrate that interaction with Argonautes is not necessary for RBD-mediated repression. Consequently, alternative mechanisms(s) must account for the observed PUF-mediated repression in vivo. In several model systems PUF repression correlates with shortening of the poly(A) tail of target mRNAs; therefore, we next measured the effect of the Pum RBD on deadenylation (Ahringer et al. 1992; Wreden et al. 1997; Olivas and Parker 2000; Chagnovich and Lehmann 2001; Gamberi et al. 2002; Goldstrohm et al. 2006) . We investigated the ability of the wild-type and mutR7 Pum RBD to affect poly(A) tail length of the RnLuc 3xPRE reporter using a transcriptional shutoff strategy (Fig. 5A ). RNA samples were collected at specific time points following inhibition of synthesis with actinomycin D. To measure poly(A) tail length, the 3 ′ end of the RnLuc Poly(A) shortening of the RnLuc 3xPRE mRNA was induced by wild-type Pum RBD or, as a negative control, the RNA binding-defective RBD mutR7. To resolve the poly(A) tail, the RnLuc 3xPRE mRNA was cleaved using a DNA oligo that is complementary to RnLuc and RNase H. A deoxy-thymidine oligo (dT) was also added to one reaction to remove the poly(A) tail (A 0 ). Northern blot was probed to detect the RnLuc 3xPRE 3 ′ cleavage product and the internal control 7SL, a stable noncoding RNA. Length of poly(A) tails are marked on the left. (Bottom) Phosphorimager quantification of poly(A) length distribution for each lane from the Northern blot. (B) Western blotting of myc-tagged Pop2 and Ccr4 depletion by RNAi in D.mel-2 cells. Four times the amount of Pop2-and Ccr4-depleted extract was loaded relative to the NTC extracts to highlight knockdown efficiency. Myc antibody was used for Pop2 and Ccr4 detection. Western blot of actin served as a loading standard. A nonspecific band was also detected by the myc antibody in all cell extracts ( * ). (C) Denaturing polyacrylamide Northern blotting of RnLuc 3xPRE from D.mel-2 cells expressing Pum RBD and treated with either nontargeting control (NTC) dsRNA or both Pop2 and Ccr4 dsRNAs. (D) Western blotting of Halotag pulldown assay demonstrating association of Pop2 with Pumilio RBD. V5-tagged Halotag (HT-V5) alone or Halotag-Pum RBD (HT-Pum RBD-V5) fusions were coexpressed with myc-tagged Pop2. Cell extracts (Inputs) were treated with RNases. HaloLink-bound complexes were eluted with TEV protease (Eluates). Blots were probed with V5 antibody to detect Pum RBD or with myc antibody to detect Pop2. An actin Western blot served as a negative control.
Pumilio represses by targeting pAbp www.rnajournal.org 1305 3xPRE mRNA was liberated by RNase H cleavage with a specific antisense DNA oligonucleotide and detected by Northern blotting. Inclusion of a polythymidine oligonucleotide in this reaction removed the poly(A) tail, serving as a marker (Fig. 5A, dT) .
At the initial time point, a heterogeneous population of poly(A) tails were present, including new mRNAs with long poly(A) tails of up to 250 nt, in addition to intermediates at various stages of deadenylation (Fig. 5A, time = 0) . Over the 2-h time course, we observed that deadenylation of RnLuc 3xPRE progressed relatively slowly in the presence of RBD mutR7 (Fig. 5A) . In contrast, when the wild-type Pum RBD was present, the poly(A) tail of RnLuc 3xPRE was more rapidly shortened, with the majority of RnLuc 3xPRE mRNA having almost no poly(A) tail after 2 h (Fig. 5A ). In the last three time points (1, 1.5, 2 h), the deadenylated RnLuc 3xPRE intermediate accumulated (Fig. 5A , Pum RBD). As an internal control, the levels of nonadenylated 7SL RNA were unchanged over the time course that samples were collected (Fig. 5A, 7SL ). These results demonstrate that the RBD of Pum is sufficient to accelerate deadenylation of the reporter mRNA.
In yeast, PUF-mediated deadenylation depends on the Pop2-Ccr4 deadenylase heterodimer, wherein the PUF directly interacts with the Pop2 subunit (Goldstrohm et al. 2006 Hook et al. 2007 ). This interaction is thought to be a conserved feature of PUF repression, because orthologs of PUFs and Pop2 from C. elegans and humans have been reported to bind each other (Goldstrohm et al. 2006; Suh et al. 2009; Van Etten et al. 2012) . Furthermore, in vitro evidence indicates that Drosophila Pum binds to Pop2 (Kadyrova et al. 2007 ). We first asked whether RNAi depletion of Pop2 and Ccr4 (Drosophila Twin) would affect Pum RBD-promoted deadenylation of the RnLuc 3xPRE mRNA. We confirmed depletion of epitope-tagged Pop2 and Ccr4 by Western blotting (Fig. 5B) . Next, Northern blotting was performed to measure the effect of deadenylase depletion on the poly(A) tail of RnLuc 3xPRE mRNA. In cells treated with nontargeting control RNAi, the reporter was deadenylated ( Fig. 5C, NTC) ; however, depletion of Pop2 and Ccr4 prevented the ability of Pum RBD to accelerate deadenylation (Fig. 5C , Pop2 + Ccr4). In fact, deadenylation was completely blocked: the RnLuc 3xPRE mRNA was stabilized with a long poly(A) tail throughout the 3-h time course. These data indicate that the Pop2-Ccr4 deadenylase complex is necessary for Pum RBD-mediated deadenylation of RnLuc 3xPRE.
Given the observations that deadenylation of the Pum reporter mRNA depends on Pop2-Ccr4 deadenylase, we wished to confirm that Pum binds to the Pop2 subunit of the deadenylase complex. To do so, the Pum RBD was fused to Halotag and the V5 epitope (HT-RBD-V5) and coexpressed in D.mel-2 cells with myc-tagged Pop2. As a negative control, Pop2 was also coexpressed with Halotag-V5 alone (HT-V5). Expression of HT-V5, HT-RBD-V5, and the myc-Pop2 protein was confirmed in the cell extracts (Fig. 5D, Inputs) .
Halotag proteins were affinity-purified from RNase-treated extracts, and the bound proteins were eluted with TEV protease and detected by Western blotting. Pop2 substantially coeluted with the Pum RBD (Fig. 5D , HT-Pum RBD-V5) but was not detected in the Halotag control eluate (Fig. 5D , HT-V5). As a negative control, we probed for actin protein and found no enrichment by HT-RBD (Fig. 5D) . These results demonstrate that the Pum RBD associates with Pop2. The fact that the association was maintained in the presence of RNases indicates that RNA does not mediate the interaction. Together with the data demonstrating that the RBD promotes deadenylation, the interaction with Pop2 suggests that the Pum RBD may recruit the deadenylase to the target mRNA to enhance deadenylation.
A poly(A) tail is necessary for repression by the Pumilio RNA binding domain
The observation that the RBD of Pum accelerated deadenylation indicated that poly(A)-dependent regulation may be the mechanism by which it represses protein expression. If so, then repression should depend on the presence of a poly (A) tail. To test this idea, we compared Pum-mediated repression of a reporter bearing a poly(A) tail to one that lacks poly(A). To create a nonadenylated 3 ′ end, the cleavage/polyadenylation elements of the RnLuc 3xPRE reporter were replaced by a histone stem-loop (HSL), which is processed by a unique 3 ′ end formation pathway ( Fig. 6A ; Marzluff et al. 2008) . Consistent with earlier observations, full-length Pum repressed the RnLuc 3xPRE pA reporter by 79%, and the Pum RBD repressed by 19% (Fig. 6B, 3xPRE pA: Pum FL and Pum RBD). In contrast, repression of the nonadenylated RnLuc 3xPRE HSL reporter by Pum FL was diminished to 36% (Fig. 6B, 3xPRE HSL) . Strikingly, the RBD was unable to repress an HSL reporter (Fig. 6B, 3xPRE HSL: Pum RBD) and instead promoted expression-the basis of this effect is currently unknown. We conclude that the 3 ′ poly(A) tail is necessary for repression by the Pum RBD. Consistent with this result, repression by full-length Pum is reduced in the absence of a poly(A) tail, reflecting the loss of repression by its RBD. The remaining poly(A) independent repressive activity of full-length Pum likely emanates from the N-terminal repression domains .
The requirement of the poly(A) tail for repression can be interpreted in several ways. Pum RBD could repress by promoting shortening of the poly(A) tail, thereby reducing translation and/or mRNA stability. Alternatively, Pum RBD could interfere with the function of poly(A) binding protein, which coats the poly(A) tail and promotes translation initiation. To discriminate between these models, we created a new reporter mRNA with a nonadenylated HSL 3 ′ end and an internal poly(A) tract (Fig. 6A , RnLuc 3xPRE A20 HSL). The internal poly(A) tract is 20 nt long, which is sufficient to bind at least one molecule of pAbp (Kuhn and Wahle RNA, Vol. 20, No. 8 2004). Importantly, because deadenylases are 3 ′ exoribonucleases that do not degrade internal poly(A) tracts (Goldstrohm and Wickens 2008), the RnLuc 3xPRE A20 HSL mRNA is not subject to deadenylation. Pum FL repressed the RnLuc 3xPRE A20 HSL mRNA by 66%, which is similar in magnitude to RnLuc 3xPRE pA with a normal 3 ′ poly(A) tail (Fig. 6B) . Pum RBD repressed RnLuc 3xPRE A20 HSL by 39%, demonstrating that the internal poly(A) tract restored and strengthened repression (Fig. 6B) . We conclude that Pum RBD repression depends on the presence of poly(A). These results suggest that RBD-mediated repression may require co-occupancy of the mRNA by Pum RBD and pAbp.
We also considered the possibility that poly(A) could promote repression by facilitating RNA-binding by Pum, perhaps mediated by pAbp. If so, then strengthening binding of Pum to the RNA should overcome the poly(A) requirement. Pum binds to the PRE with a dissociation constant in the low nano-molar range (Zamore et al. 1997 (Zamore et al. , 1999 . To strengthen this interaction, we utilized a modified MS2 coat protein and binding site interaction with an order of magnitude stronger binding (Lim et al. 1994; Johansson et al. 1998) . Two reporters were used in this analysis: RnLuc MS2 pA-the 3 ′ poly(A) tail was generated using efficient cleavage/polyadenylation elements, whereas in the RnLuc MS2 HSL reporter, a nonadenylated 3 ′ end was generated by the HSL (Fig. 6C) . The results corroborate those described for the 3xPRE reporter. When tethered, Pum FL repressed the RnLuc MS2 HSL reporter less efficiently (41%) than the RnLuc MS2 pA reporter (64%) (Fig. 6C) . Importantly, tethered Pum RBD repressed the polyadenylated reporter by 38%, whereas repression of the HSL reporter was completely alleviated (Fig. 6D) and, as observed for the 3xPRE HSL reporter, Pum RBD slightly enhanced expression of RnLuc MS2 HSL. We conclude that poly (A), in the form of a 3 ′ tail or an internal poly(A) tract, is necessary for repression by the Pum RBD and contributes to the full magnitude of repression by the full-length Pumilio protein. Moreover, strengthening the association of Pum RBD with the mRNA did not lessen the poly(A) dependence, suggesting that poly(A) functions beyond facilitating the RBDmRNA interaction. 
Poly(A) binding protein is necessary for repression by Drosophila and human PUF RNA binding domains
Having found that poly(A) is necessary for repression by the Pum RBD, we wished to determine if this property is mediated by pAbp. To do so, we depleted pAbp using RNAi. Depletion of epitope-tagged pAbp protein was confirmed by Western blotting (Fig. 7A) . In addition, using qRT-PCR, we measured an 84% decrease of endogenous pAbp mRNA relative to the negative control RNAi. Next, we confirmed that depletion of pAbp reduced poly(A)-stimulated translation. Indeed, polyadenylated Renilla luciferase reporter expression was reduced by 40% relative to nontargeting control RNAi (Fig.  7A , RnLuc pA), consistent with pAbp's general role in promoting translation. Importantly, reporter luciferase activity remained more than three orders of magnitude above background, permitting measurement of Pumilio activity in subsequent experiments. As an additional control, we measured the effect of pAbp depletion on a nonadenylated RnLuc HSL reporter. Knockdown of pAbp did not reduce luciferase activity (Fig. 7A , RnLuc HSL), consistent with the fact that HSL translation does not utilize pAbp (Marzluff et al. 2008) .
To evaluate the role of pAbp in Pum repression, we first took advantage of the ability of the Pum RBD to repress the RnLuc 3xPRE A20 HSL mRNA, which bears an internal A20 tract and a nonadenylated 3 ′ end (Fig. 6A) . This reporter permits analysis of the effect of pAbp independent of potential interplay with deadenylation. As shown in Figure 7B , the Pum RBD repressed the RnLuc 3xPRE A20 HSL by 46% in the control sample. When pAbp was depleted, repression was substantially diminished to 11% (Fig. 7B ). This residual repression may result from incomplete pAbp depletion. We conclude that poly(A) tract-dependent repression by Pum RBD requires pAbp.
We next evaluated the roles of Pop2 and Ccr4 deadenylases and pAbp by depleting each protein using RNAi and measuring the effect on repression of the RnLuc 3xPRE pA reporter. Simultaneous knockdown of Pop2 and Ccr4 did not prevent repression by full-length Pum, but the activity was reduced from 74% to 64% (Fig. 7C) . In contrast, depletion of Pop2 and Ccr4 did not alleviate repression by the RBD; indeed, it was slightly enhanced (Fig. 7C) . Note that we confirmed efficient depletion of Pop2 and Ccr4 proteins by these dsRNAs, which blocked deadenylation (Fig. 5B,C) . We conclude that deadenylation is not required for Pum RBD-mediated repression, despite the fact the RBD accelerates deadenylation dependent on Pop2 and Ccr4 deadenylases (Fig. 5) .
When pAbp was knocked down, Pum RBD repression of RnLuc 3xPRE pA decreased from 32% to 14% (Fig. 7C) ; therefore, pAbp plays an important role in RBD-mediated repression of polyadenylated mRNA, in agreement with the internal poly(A) tract data (Fig. 7B) . In contrast, Pum FL repression was largely unaffected (Fig. 7C) , highlighting a pAbp-independent function of amino-terminal repression domains of Pumilio that we previously characterized (Weidmann and Goldstrohm 2012). It is important to note that the general effect of pAbp depletion (Fig. 7A) did not prevent measurement of Pumilio-mediated repression because the experimental design measures repression within each RNAi condition (e.g., repression by wild-type Pum RBD measured relative to the mutR7 negative control within pAbp-depleted cells).
To further analyze the role of pAbp in Pumilio repression, we used the tethered function approach. When fused to MS2, Pum FL and Pum RBD repress the RnLuc MS2 pA reporter to a degree comparable to their effect on the RnLuc 3xPRE, 67% and 32%, respectively (Fig. 7D) , consistent with our previous analysis . Knockdown of pAbp reduced Pum FL repression from 67% to 38%, whereas repression by the Pum RBD was entirely lost (Fig. 7D) . In fact, without pAbp, the RBD slightly stimulated reporter protein expression (Fig. 7D ) to a degree similar to the RBD's effect on HSL reporters (Fig. 6B,D) . Western blotting confirmed that expression of tethered constructs was unaffected by pAbp knockdown (Fig. 7D) . Interestingly, repression by tethered Pum FL and RBD is more sensitive to pAbp depletion. The results confirm that repression by the Pum RBD depends on pAbp, whereas the N-terminal repression domains in full-length Pumilio can repress independent of this cofactor.
The finding that pAbp was necessary for repression by the RBD of Drosophila Pumilio suggested that pAbp may also be involved in repression by the conserved RBD of human PUFs. To test this idea, we performed RNAi to deplete the human pAbp ortholog, PABPC1, from HEK293 cells. Efficient knockdown of epitope-tagged PABPC1 was confirmed by Western blotting (Fig. 7E) . A coexpressed Halotag protein, included as an internal control, was not affected by RNAi depletion of PABPC1 (Fig. 7E) . To specifically detect RBDmediated repression, we utilized the 3xPRE UGG reporter (Fig. 1B) to measure repression activity of PUM2 RBD with altered RNA binding specificity, fused to Halotag (Fig. 7F , HT-PUM2 RBD-R6as). A mutant version of the reporter, RnLuc 3xPREmt, wherein the PREs were mutated to eliminate PUM2 binding and repression (Van Etten et al. 2012) , was included as a negative control. We observed that PUM2 RBD R6as repressed RnLuc 3xPRE UGG by 42% in cells transfected with nontargeting control siRNA (Fig. 7F, NTC) . In contrast, PABPC1 depletion substantially reduced PUM2 RBD R6as repression to 16% (Fig. 7F) . Importantly, PABPC1 depletion did not affect expression of HT-PUM2 RBD R6as (Fig. 7F) . We conclude that PABPC1 is required for repression by human PUM2 RBD. Taken together, our data demonstrate that poly(A) binding protein plays a conserved role in repression by the RBD of Drosophila and human PUFs.
The Pumilio RNA binding domain associates with pAbp
The functional connection between the RBD and pAbp prompted us to search for a physical association between 
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www.rnajournal.org 1309 these two proteins. To test this idea, we fused the Pum RBD to Halotag and a V5 epitope (HT-RBD-V5) and coexpressed this protein in D.mel-2 cells with either myc-tagged pAbp or, as a negative control, myc-tagged Lsm11. As a negative control, Lsm11 and pAbp were also coexpressed in cells with V5-tagged Halotag. Cell extracts were treated with RNases to degrade RNA that might bridge the two proteins. Halotag proteins were captured, and bound complexes were eluted using TEV protease. Western blotting with anti-V5 antibody shows that HT-V5 and HT-RBD-V5 expressed efficiently in D.mel-2 cells, and an equivalent amount of RBD was cleaved off of the resin in both Lsm11 and pAbp samples (Fig. 8, lanes  6 and 8) . pAbp copurified with HT-RBD-V5, but not the HT control (Fig. 8, cf. lane 8 to lane 7) . The Lsm11 control protein did not associate with HT or HT-RBD-V5, demonstrating specificity (Fig. 8, lanes 5 and 6) . These results reveal that the Pum RBD associates with pAbp independent of RNA, providing a physical link between the Pum RBD and its cofactor.
The Pumilio RNA binding domain does not displace pAbp from a target mRNA Based on our results showing that pAbp is necessary for poly (A)-dependent repression by the Pum RBD and that Pum interacts with pAbp, we hypothesized that Pum may promote repression by interfering with pAbp's ability to promote translation. One potential mechanism could be that Pum displaces pAbp from the poly(A) tail of a target mRNA. To test the hypothesis, we measured the effect of wild-type and mutant Pum RBD on the association of pAbp with the RnLuc 3xPRE mRNA. To do so, FLAG-tagged pAbp was immunoprecipitated, RNA was purified from the eluate, and pAbpassociated mRNA was then detected by Northern blotting. We first validated this RNA coimmunoprecipitation assay by coexpressing FLAG-tagged pAbp with RnLuc reporters bearing different 3 ′ ends, including a normal poly(A) tail, a histone stem-loop (HSL), or an internal 20-adenosine tract terminating in a HSL (A20 HSL). As negative controls, mock anti-FLAG immunoprecipitations were also performed from cells that expressed each reporter but not FLAG-pAbp (Fig. 9A) . Immunoprecipitation of FLAG-pAbp was confirmed by Western blot (Fig. 9A) . As expected, polyadenylated RnLuc mRNA was substantially enriched by pAbp, with 44-fold enrichment relative to the mock eluate (Fig.  9A) . Importantly, the HSL reporter was not enriched; however, the introduction of the internal adenosine tract (A20 HSL) conferred pAbp enrichment (Fig. 9A ). This control validates our ability to specifically enrich for pAbp-associated mRNAs.
Using this RNA immunoprecipitation assay, we then tested whether the Pum RBD affects the association of pAbp with the PRE-containing reporter mRNA. Three replicate FLAGpAbp immunoprecipitations were performed from cells that coexpressed either the RnLuc 3xPRE pA (Fig. 9B) or the RnLuc 3xPRE A20 HSL (Fig. 9C ) mRNAs, along with either wild-type or mutant Pum RBD. Inputs and FLAG eluates were assayed by Northern blotting, and FLAG-pAbp enrichment was confirmed via Western blotting (Fig. 9B,C) . RnLuc 3xPRE pA and RnLuc 3xPRE A20 HSL mRNAs were enriched by 25-to 30-fold in the FLAG-pAbp eluates but not in mock eluates. We also performed luciferase assays on these samples to verify that RBD-mediated repression is effective under these conditions (i.e., that expression of FLAG-pAbp does not alter repression) (Fig. 9D) . Consistent with the results in Figure 6B , the RBD repressed the 3xPRE pA reporter by 17%, and repression of the 3xPRE A20 HSL reporter was slightly enhanced at 29% (Fig. 9D) . Importantly, wild-type Pum RBD did not significantly change the level of enrichment of the RnLuc 3xPRE pA and RnLuc 3xPRE A20 HSL mRNAs in FLAG-pAbp eluates (Fig. 9E) . We conclude that the RBD does not displace pAbp from an mRNA to elicit repression. Instead, the data suggests that the RBD-pAbp interaction antagonizes the ability of the poly(A)-bound pAbp to enhance translation.
DISCUSSION
Drosophila and human PUF proteins possess multiple domains that contribute to repression of protein expression from target mRNAs . For example, Drosophila Pumilio has four repression domains that can function autonomously, including the RBD and three repression domains located in the amino terminus . The current challenge Western blotting confirmed FLAG-tagged pAbp expression in inputs and in purified eluates. Northern blotting detected Renilla luciferase (RnLuc) reporter mRNAs in input and eluates, including RnLuc with a poly(A) tail (pA), a histone stem-loop (HSL), or an internal 20-adenosine tract preceding HSL (A20 HSL). Cell extracts were prepared from cells transfected with an FLAG-pAbp expression vector or from mock transfected cells. Renilla mRNA measured in each eluate was quantified as a percentage of the total RNA present in the input cell extracts. From these values, fold enrichment of each RNA in pAbp eluates was calculated relative to the corresponding mock transfection. In this way, values were normalized to the amount of reporter RNA present in the input samples. (B) FLAG-pAbp immunoprecipitations were performed from cells expressing either wild-type (WT) or mutR7 Pum RBD with the RnLuc 3xPRE pA reporter, as diagrammed in Figure 6A . Three replicates were performed for each sample. Expression and enrichment of pAbp in eluates was verified with Western blotting using a FLAG antibody. Northern blotting was performed to detect RnLuc 3xPRE pA RNAs in the input cell extracts and eluates. (C) The same experiment as in panel B except that a RnLuc 3xPRE A20 HSL reporter was used. (D) Verification of RBD repression using triplicate samples from panels B and C. In each case, Western blotting confirmed expression of Pum RBD test constructs. The graph represents mean values with standard errors calculated from three separate transfections with four replicates each. (E) Fold enrichment of RnLuc 3xPRE pA or RnLuc 3xPRE A20 HSL by pAbp with coexpressed wild-type or mutR7 Pum RBD as quantified from the experiments in panels B and C. The graph represents mean values with standard errors calculated from three replicate samples.
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www.rnajournal.org 1311 is to dissect how each repression domain acts to inhibit translation and/or promote mRNA degradation. In this study, we focused on the mechanism of repression elicited by the evolutionarily conserved RBD. First, we evaluated two mechanisms proposed to account for RBD-mediated repression, including inhibition of translation elongation by a PUF-ArgonauteeEF1A ternary complex and acceleration of deadenylation achieved via recruitment of Pop2-Ccr4 deadenylases.
Biochemical data led to a model wherein the PUF RBD forms a complex with Argonaute that, in turn, binds eEF1A (Friend et al. 2012) . Our analysis represents the first evaluation of this model in Drosophila and human cells. Our results confirm that human PUMs associate with Argonaute and reveal that the PUF-Argonaute interaction is conserved by Drosophila Pumilio. However, we found that mutations in conserved sites reported to inactivate PUF-Argonaute binding in vitro did not eliminate the PUF-Argonaute association of Drosophila and human PUFs. Moreover, these mutations had no effect on PUF repression in cells. In these contexts, multiple PUF-Argonaute contacts, or other protein partners, may complement the binding sites that were identified in vitro.
Our functional data indicate that the interaction of Drosophila and human PUFs with Argonautes is not essential for repression in vivo. First, we identified truncations of the RBD that eliminated the association with Argonaute but retained repressive activity. Multiple regions outside of the reported Argonaute binding site were found to be necessary for the PUF-Argonaute interaction. However, when tethered to mRNA, an RBD truncation (deletion of PUF repeats 7 and 8) that did not associate with Argonaute was still fully active for repression. Second, RNAi depletion of Argonautes did not alleviate repression by Drosophila Pumilio or human PUMs nor did mutations reported to prevent binding to eEF1A. These observations held true for target mRNAs with a minimal 3 ′ UTR with PRE elements and for a target mRNA that contains the 3 ′ UTR of the natural Pum target mRNA, Hunchback. Taken together, this evidence indicates that the PUF-Argonaute-eEF1A complex does not play an essential role in the mechanism of repression by Drosophila Pumilio or human PUFs. Notwithstanding, it remains possible that the PUF-Argonaute-eEF1A complex could contribute to regulation of particular target mRNAs in specific contexts. An intriguing possibility is that a PUF-Argonaute interaction could participate in combinatorial control of target mRNAs regulated by both PUFs and microRNAs. Interestingly, human and Drosophila PUMs were recently reported to collaborate with microRNA-mediated repression (Kedde et al. 2010; Miles et al. 2012) . If true, we would anticipate that collaborative repression would be dependent on the major effector protein of microRNA-mediated repression, GW182 (Tritschler et al. 2010) . Notably, we depleted GW182 from Drosophila cells and saw no effect on repression by the Pumilio RBD (data not shown). Our interpretation of this result is qualified by the fact that the reporters used in the present study are not predicted to be regulated by microRNAs, and the observations by Friend et al. were reported to be microRNA-independent (Friend et al. 2012) . Thus, future studies are necessary to address whether the PUF-Argonaute interaction might participate in combinatorial control.
Multiple studies indicate that deadenylation plays a role in PUF RBD-mediated repression. For example, PUF repression correlates with deadenylation of target mRNAs (Ahringer et al. 1992; Wreden et al. 1997; Olivas and Parker 2000; Goldstrohm et al. 2006) . Our data and previous work demonstrate that the conserved RBDs of yeast, C. elegans, Drosophila, and human PUFs interact with the Pop2 subunit of the Pop2-Ccr4 deadenylase complex (Goldstrohm et al. 2006; Hook et al. 2007; Kadyrova et al. 2007; Suh et al. 2009; Van Etten et al. 2012) . In this study, we showed that Pop2 copurifies with the RBD of Pumilio. Genetic analysis in yeast demonstrated that PUF-mediated deadenylation depends on Pop2 and Ccr4, and the yeast Puf4 protein requires Pop2 and Ccr4 to repress protein expression (Goldstrohm et al. 2006 Hook et al. 2007 ). PUF-regulated deadenylation could be reconstituted with purified PUF RBD and Pop2-Ccr4 deadenylase complex (Goldstrohm et al. 2006 Hook et al. 2007 ). Furthermore, human PUFs interact with multiple isoforms of Pop2 and Ccr4 deadenylases, and their ability to repress is diminished when deadenylation is blocked (Van Etten et al. 2012) . These findings all supported a model in which the RBD of PUF proteins recruits the deadenylases to target mRNAs, thereby promoting poly(A) tail shortening. This effect results in diminished translational output and, subsequently, can lead to mRNA decay. Indeed, we show here that the Pum RBD promotes deadenylation and requires the poly(A) tail to repress. Consistent with this model, we showed that deadenylation of the Pum target mRNA was fully dependent on Pop2 and Ccr4 deadenylases. Surprisingly, we found that repression by Drosophila Pum RBD persists when Pop2 and Ccr4 are depleted by RNAi. Depletion of the deadenylases caused only a minor reduction in repression by full-length Pumilio. Further, while poly(A) is necessary for Pumilio repression, this requirement can be fulfilled by an internal poly(A) tract that is not susceptible to deadenylation. Therefore, deadenylation is not a primary mechanism of repression by Drosophila Pum RBD. We hypothesize that deadenylation may be a secondary effect and may serve to increase efficiency or reinforce the regulatory switch by diverting the repressed mRNA to the decay pathway.
If deadenylation is not the primary mechanism, then what is the trigger of Pum RBD-mediated repression? Our analysis revealed that repressive activity of the RBD is fully dependent on the presence of poly(A), whether at the 3 ′ end or as an internal poly(A) tract, in the PRE containing target mRNA. This led us to test the role of the poly(A) binding protein, pAbp. Indeed, we found that pAbp was necessary for RBDmediated repression in vivo. We also identified a physical link between Pumilio and pAbp. Biochemical evidence RNA, Vol. 20, No. 8 further supports the importance of pAbp in PUF repression. Using a translationally active yeast extract, the pAbp ortholog, Pab1p, was shown to participate in translational inhibition by the RBD of yeast Puf5 (Chritton and Wickens 2011) . In this same yeast extract, the RBD of C. elegans FBF also inhibited translation in a Pab1p-dependent manner (Chritton and Wickens 2011) . In addition, pAbp colocalizes with PUFs in ribonucleoprotein granules in rat neurons (Vessey et al. 2010) . Together with our in vivo evidence, these findings suggest that the involvement of pAbp in repression by PUFs may be an evolutionarily conserved feature. In support of this, we found that RNAi depletion of PABPC1 reduced repression by human PUM2 RBD in HEK293 cells. Future in vivo analysis of the importance of pAbp orthologs in repression by other PUF proteins will be necessary to confirm this prediction.
Poly(A) binding protein enhances translation, making it an opportune target for negative regulators of protein expression (Tritschler et al. 2010; Brook et al. 2012) . For instance, the translational inhibitor PAIP2 (polyadenosine binding protein interaction protein 2), the sequence-specific repressor Musashi, and the microRNA induced silencing complex (miRISC) component GW182 have all been shown to bind pAbp orthologs (Khaleghpour et al. 2001; Karim et al. 2006; Kawahara et al. 2008; Fabian et al. 2009 ). Binding of PAIP2, Musashi, or GW182 to pAbp disrupts its interaction with the 5 ′ cap-bound eIF4F complex, resulting in reduced translation efficiency (Khaleghpour et al. 2001; Karim et al. 2006; Duncan et al. 2009; Moretti et al. 2012; Zekri et al. 2013) . Together with SXL, the RNA binding protein UNR also targets pAbp but reduces translation by an alternate mechanism; UNR interferes with ribosome recruitment by the assembled initiation factors (Duncan et al. 2009 ). PAIP2 and miRISC also repress by displacing PABPC1 from the poly(A) tail (Karim et al. 2006; Duncan et al. 2009; Moretti et al. 2012; Zekri et al. 2013 ). In the case of miRISC, displacement of PABPC1 is thought to lead to subsequent deadenylation, mediated by miRISC recruitment of the Ccr4-Pop2 deadenylase complex (Moretti et al. 2012; Zekri et al. 2013) . Drawing on these examples, we consider potential mechanisms for pAbp-dependent repression by Pumilio. Pumilio did not displace pAbp from the target mRNA, distinguishing the mechanism of repression from that of miRISC or PAIP2. Alternatively, Pumilio interaction with pAbp may interfere with pAbp binding to eIF4G. We note that our attempts to detect association of eIF4G with Pum RBD have been unsuccessful. Supporting this model, Chritton and Wickens showed that the Pab1-eIF4G interaction is required for repression by yeast Puf5 in vitro (Chritton and Wickens 2011) . As a result, Pumilio would disrupt the "closed loop" contacts between 5
′ cap-bound eIF4F and poly(A)-bound pAbp, resulting in diminished translation initiation. It is also possible that the pAbp-eIF4G interaction remains unaffected by the PUF-pAbp complex. In this scenario, Pum RBD would act like SXL-UNR, interacting with pAbp to block ribosome recruitment. Future detailed mechanistic analysis of Pumilio regulated translation will be necessary to distinguish these models.
While we focused on poly(A)-dependent repression by the RBD in the present study, our data emphasize that additional mechanisms of PUF repression exist. Full-length Drosophila and human PUFs retain repressive activity, albeit reduced in magnitude, which is independent of poly(A), pAbp, and Pop2-Ccr4 (Chagnovich and Lehmann 2001; Van Etten et al. 2012 ; this study). Our previous work showed that the Pum RBD is one of four repression domains in Pumilio and that the amino terminus of fruit fly and human PUFs exhibit robust repressive activity . These observations argue that additional mechanisms of repression, elicited by the amino-terminal repression domains of Pumilio, PUM1, and PUM2, remain to be identified.
Originally, it was suspected, based on conservation of the RBD throughout eukaryotes, that members of the PUF family may repress by the same means Spassov and Jurecic 2003) . Indeed, enhancement of mRNA decay by the RBD via recruitment of deadenylases is a conserved feature, though the contribution to the magnitude of repression appears to differ between PUFs in different organisms (Goldstrohm et al. 2006; Hook et al. 2007; Blewett and Goldstrohm 2012; Van Etten et al. 2012) . While repression by Drosophila Pumilio is largely unaffected by depletion of deadenylases, repression by human PUM1 was substantially reduced by deadenylase depletion and by overexpression of a dominant negative deadenylase (Van Etten et al. 2012) . Additional evidence comes from analysis of yeast PUFs. Both Puf4 and Puf5 accelerate deadenylation, and repression by Puf4 depends on Pop2 and Ccr4 (Goldstrohm et al. 2006; Hook et al. 2007; Blewett and Goldstrohm 2012) . In contrast, while Puf5 does promote poly(A) shortening, it can circumvent deadenylation by recruiting the Eap1 protein to enhance de-capping of the target mRNA (Blewett and Goldstrohm 2012) . Thus, an emerging principle is that individual PUFs can have different corepressor requirements and dominant repressive mechanisms. Analysis of yeast Puf6 lends additional support, as Puf6 was shown to uniquely target eIF5B to inhibit translation (Deng et al. 2008) .
Beyond the RBD, PUF proteins from organisms such as yeast and C. elegans differ substantially at the amino acid level from those found in insects and vertebrates (Spassov and Jurecic 2003; Weidmann and Goldstrohm 2012) . The divergent polypeptide sequences of different PUF proteins may confer unique regulatory functions. Further adding to the regulatory potential, PUFs from insects and vertebrates have evolved multiple repressive domains, each of which can act independently . Thus, individual PUFs may assemble distinct regulatory complexes, depending on the context in vivo. We anticipate that members of this ancient protein family have evolved strategies of regulation that remain to be revealed, with the pAbp-and poly(A)-dependent mechanism of the RBD contributing to the maximal efficiency of repression.
MATERIALS AND METHODS
Plasmids
Plasmids used in this study included pAc5.1 FFluc, pAc5.1 RnLuc, pAc5.1 RnLuc 3xPRE, pIZ Pum FL, pIZ Pum FL mutR7, pIZ Pum RBD, and pIZ Pum RBD mutR7, all of which were previously described . The PRE sequences were derived from the natural Pum target mRNA, Hunchback (Murata and Wharton 1995; Zamore et al. 1997 Zamore et al. , 1999 . The pAc5.1 RnLuc Hb 3 ′ UTR reporter was created by inserting the 3 ′ untranslated region of the Drosophila Hunchback mRNA (NM_169233.2) into the XhoI and NotI restriction sites downstream from Renilla luciferase coding sequence in the pAc5.1 RnLuc vector. The Hb 3 ′ UTR was amplified from Drosophila genomic DNA using the following primers (Hb sequence underlined, restriction sites in bold):
The pIZ PUM1 plasmid, expressing human PUM1, was previously described (Van Etten et al. 2012) . Mutant versions of Drosophila Pumilio (NP_001262403.1), reported to inhibit binding to Argonaute or eEF1A (Friend et al. 2012) , were created by site-directed mutagenesis with the following primers (mutations in bold):
The psiCheck1-based RnLuc 3xPRE, RnLuc 3xPRE UGG, and RnLuc 3xPREmt reporter plasmids, the pGL4.13 FFLuc internal control, and the pFN21A-based expression vectors for Halotag, Halotag human CNOT6L, or Halotag versions of human PUM1 and PUM2 R6SYE derivatives were previously described (Van Etten et al. 2012) . For pFN21A PUM2 RBD R6as, aa705-1050 of human PUM2 (NP_056132.1) was cloned into the flexi sites of pFN21A (Promega), and R6as (N921S,Q925E) was generated via site-directed mutagenesis as in Van Etten et al. (2012) . Human PUF mutants were created based on the mutations reported to abrogate binding to Argonautes or eEF1A (Friend et al. 2012) , by site-directed mutagenesis of PUM1 (NP_001018494.1) and PUM2 (NP_056132.1) using the following primers:
For FLAG immunoprecipitation in HEK293 cells, the coding sequence for human AGO1 (NP_036331.1) was inserted with an Nterminal 3xFLAG tag into the pF5A vector (Promega) to create pF5A N3xFLAG AGO1. pFN21A PABPC1 was generated by inserting the coding sequence of human pAbp, PABPC1 (NP_002559.2) into the flexi sites of pFN21A (Promega). For Halotag pulldown assays, the Halotag coding sequence from pFN18A (Promega), a C-terminal TEV cleavage site, and the Sgf1 restriction site were inserted into the pIZ V5-His A vector (Invitrogen) to create the HT control. Drosophila Pum was then inserted in frame and C-terminal to Halotag and a TEV protease cleavage site. For HT-RBD, containing amino acids 1091-1533, the N terminus of Pum (aa1-1090) was deleted via inverse PCR. The pIZ myc-Lsm11 (NP_610522.1) vector and the empty pUB myc and pUB FLAG vectors (Ubiquitin 63E promoter, SV40 poly(A) site, and pUC19 backbone) were provided by Dr. Eric Wagner. pUB myc-pAbp was generated by inserting the coding sequence of Drosophila pAbp (NP_725750.1) into the pUB vector downstream from the myc tag, and pIZ myc-Pop2 and pIZ mycCcr4 were generated by inserting the coding sequences of Drosophila Pop2 (NP_648538.1) or Drosophila twin (NP_732966.1) with an Nterminal myc tag into pIZ. pUB FLAG-Ago1 and pUB FLAG-Ago2 were created by inserting the coding sequence of Drosophila Ago1 (NP_001246314.1) and Drosophila Ago2 (NP_730054.1) into the pUB FLAG vector downstream and in frame with the FLAG tag. For the tethered function assays, the pAc5.1 RnLuc 2xMS2 reporter, pIZ MS2-Pum FL, and pIZ MS2-RBD (aa1091-1533) were previously described . To create truncations of the Pum RBD, fused to MS2, inverse PCR was used with pIZ MS2-RBD to delete aa1427-1533 (pIZ MS2-RBDΔC) and subsequently aa1330-1426 (pIZ MS2-RBDΔR7-8), aa1222-1294 (pIZ MS2-RBDΔR4-5), or aa1091-1186 (pIZ MS2-RBDΔR1-2). For the HSL reporters, a histone stem-loop (HSL) and a histone downstream element (HDE) were inserted in place of the SV40 cleavage/poly adenylation element to create pAc5.1 RnLuc HSL, pAc5.1 RnLuc 3xPRE HSL, and pAc5.1 RnLuc MS2 HSL . The sequence added is as follows, with the HSL and histone downstream element underlined: 5 ′ -GGTCCTTTTCAGGACC ACAAACCAGATTCAATGAGATAAATTTTCTGTT. Inverse PCR was performed to insert 20 adenosines upstream of the HSL to create the pAc5.1 RnLuc A20 HSL and pAc5.1 RnLuc 3xPRE A20 HSL reporters.
Cell culture
D.mel-2 cells (Invitrogen) were cultured in Sf-900 III serum-free medium (Invitrogen) with 50 units/mL penicillin and 50 µg/mL streptomycin using standard cell culture techniques. Cells were grown at 28°C. HEK293 cells were cultured as previously described (Van Etten et al. 2012) .
Transfections
Transfections were performed as previously described for D.mel-2 cells and HEK293 cells (Van Etten et al. 2012) . When transfections were performed for transcription shutoff experiments, Effectene (Qiagen) reagents were scaled up to 20 mL total volume in a T-150 flask: 4.55 ng FFLuc, 9.1 ng RnLuc, 3636 ng pIZ vector, 818 µL EC buffer, 29.1 µL Enhancer, 36.36 µL Effectene, 14.6 mL D.mel-2 cells (1.5 × 10 6 cells/mL), and 5.4 mL Sf900III media. To inhibit transcription, actinomycin D (Sigma) was added at 5 µg/mL final concentration, 48 h post-transfection. Aliquots of cells at each indicated time point were removed, pelleted at 1000g for 3 min, and frozen at −80°C until RNA isolation. For experiments with RnLuc 3xPRE HSL and RnLuc 3xPRE A20 HSL reporters, 50 ng and 20 ng of the indicated reporter, respectively, was transfected per well of a six-well plate, to ensure comparable levels of expression to pA reporters. To compare the effect of pAbp depletion on RnLuc pA and RnLuc HSL, 50 ng of the indicated RnLuc plasmid and 400 ng of empty pIZ vector were transfected into one well of a six-well plate treated with either control or pAbp dsRNA.
In the siRNA experiment assessing PABPC1 knockdown efficiency, FuGENE HD (Promega) was used to transfect 80 ng pFN21A PABPC1 and 20 ng pFN21A Halotag control into 96-well plates treated with siRNAs. In experiments testing the effect of siRNA-mediated depletion of PABPC1 on repression activity of HT-PUM2 RBD R6as, FuGENE HD was used to transfect 5 ng pGL4.13 FFLuc, 10 ng psiCheck1 RnLuc 3xPRE UGG or RnLuc 3xPRE ACA, and 85 ng pFN21A PUM2 RBD R6as into 20,000 cells in each well of a 96-well plate.
RNA interference
As previously described, double-stranded RNAs (dsRNAs) were in vitro transcribed for RNAi, including nontargeting control (NTC) LacZ, PumN, Pop2, and Ccr4 (Van Etten et al. 2012; Weidmann and Goldstrohm 2012) . The following primers were used to generate templates for production of Argonaute and pAbp dsRNAs, with T7 promoter sequence underlined and gene-specific regions bolded: Corresponding regions were amplified via PCR from D.mel-2 cDNA, and dsRNA was transcribed in vitro and purified as previously described (Van Etten et al. 2012; Weidmann and Goldstrohm 2012) . For knockdown, cells in one well of a six-well plate, with total volume 1.6 mL, were treated with 6 µg of each dsRNA for 5 min before transfection. For knockdown during transcription shutoff assays, 20 mL total volume was treated with 60 µg of each dsRNA for 5 min before transfection.
For RNAi in HEK293 cells, depletion of PABPC1 was performed through the use of On-target Plus Smartpool siRNA (L-019598-00) or a Nontargeting Control siRNA (Dharmacon). Twenty thousand HEK293 cells were plated per well of a 96-well plate in antibioticfree medium. Twenty four hours later, the cells were transfected with 10 fmol of siRNA using Dharmafect 1 (Dharmacon) according to the manufacturer's protocol. Forty-eight hours after siRNA treatment, cells were transfected with reporters and expression vectors. Forty-eight hours post-transfection, luciferase assays to measure RnLuc and FfLuc activities were performed and cell lysates were prepared for Western blot analysis.
Alignments
Alignments of the PUF RNA binding domain were performed using the open source bioinformatics software Jalview 2.8 (www.jalview. org) using the MafftWS alignment (Waterhouse et al. 2009 ).
Luciferase assays
Luciferase assays were performed as previously described using the Dual-Glo Luciferase Assay System (Promega) (Van Etten et al. 2012; Weidmann and Goldstrohm 2012) . A relative response ratio (RRR), from RnLuc signal/FFLuc signal, is calculated for each sample. Percent repression is derived from the equation 100 × [1 − (RRR WT /RRR Negative Control )], where RRR WT is from a sample transfected with an active regulator and RRR Negative Control comes from a sample transfected with an equivalent amount of an inactive negative control. Inactive controls for Pum FL and Pum RBD were created by mutating the RNA recognition amino acids in the seventh PUF repeat, which prevents RNA binding and repression, to create pIZ Pum FL mutR7 and pIZ Pum RBD mutR7 plasmids . Empty pIZ vector was used as the inactive control for human PUM1 in Drosophila cells. The control for tethered function experiments was the MS2 expression vector, pIZ MS2 . For the RnLuc Hb 3 ′ UTR reporter, fold change reporter expression was calculated as RRR RNAi / RRR NTC , where RRR RNAi is from sample treated with targeting dsRNAs and RRR NTC is from sample treated with nontargeting control dsRNAs.
To measure repression by altered specificity human PUMs in HEK293 cells, the pFN21A Halotag expression vector served as a negative control, and percent repression was calculated as previously described (Van Etten et al. 2012) . For RNAi depletion of PABPC1 in HEK293, percent repression of the RnLuc 3xPRE UGG reporter was calculated relative to the negative control reporter, RnLuc 3xPREmt, as previously described (Van Etten et al. 2012 ).
Immunoprecipitation
For FLAG immunoprecipitations from HEK293 cell, 3 mLs of 200,000 cells/mL were transfected. Mock samples were transfected using Fugene HD with 3 µg of Halotag prey plasmids (HT, HT-PUM2, HT-PUM2 T752E, and HT-CNOT6L), while FLAG-AGO1 samples were transfected with 750 ng pF5A FLAG-HsAGO1 bait and 2.25 µg of Halotag prey plasmids. Forty-eight hours post-transfection, cell pellets were resuspended in 500 µL lysis buffer containing 0.5% Igepal CA-630 (USB), 50 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 2 mM MgCl 2 , and 150 mM NaCl. Protease inhibitors were also added to final concentrations of 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 µg/mL aprotinin, 10 µg/mL pepstatin, and 10 µg/mL leupeptin. Lysates were passed through a 25-gauge needle Pumilio represses by targeting pAbp www.rnajournal.org 1315
